Actinic Keratosis (AK) arises from sun-damaged skin and is the first clinical manifestation in the multistep process of skin carcinogenesis to invasive squamous cell carcinoma. Thus, it is an ideal target for chemopreventive efforts. Noninvasive measures of AK severity are needed to assess the efficacy of chemoprevention agents. We performed a pilot study on 20 participants to investigate the OCT appearance of sun-protected skin of the upper inner arm as well as sun-damaged skin and early AKs of the dorsal forearms, and to determine if features or quantitative measures in Optical Coherence Tomography (OCT) images could be used to reliably differentiate between these categories. OCT images of upper inner arm (normal appearing skin) showed skin layers and features (stratum corneum, epidermis, dermis, blood vessels) seen in previous studies; additionally in this participant group the subcutaneous fat layer was usually identified. Sun-damaged skin was characterized by increased signal in the epidermis and rapid attenuation of light. AKs were diverse in appearance but frequently characterized by high surface reflection, the presence of a low-signal band in the stratum corneum, and heterogeneous appearance in the epidermis/dermis. Significant differences were found between skin categories using measures of stratum corneum and epidermal/dermal depths and intensities. The presence of a dark band in the stratum corneum was 79% sensitive and 100% specific for AK. This study indicates that OCT holds promise as a useful technique for identifying and characterizing AKs and monitoring their response to chemoprevention agents.
Introduction
Actinic keratoses (AKs) are premalignant cutaneous lesions that are characterized by partial-thickness epidermal dysplasia, hyperkeratosis, parakeratosis, and solar elastosis. They are the first clinical manifestation in the molecular and histologic continuum of skin carcinogenesis, beginning with sun-damaged epidermis, leading to expanded clones of ultraviolet radiation damaged dyskeratotic epidermal cells that manifest as AK, and potentially progressing to invasive squamous cell carcinoma (SCC) and metastasis (1). AKs are extremely common; by one estimation 60% of high risk individuals older than 40 years of age have at least one AK (2). Those at highest risk are of skin types I and II (sunburn easily and tan poorly) who receive a large amount of sun exposure. Lesions typically occur on regions of the skin with the greatest amounts of sun exposure -the face, hands, and forearms. AKs are classified into three categories: type I AKs are macular and are identified only by a skin coloration change, type II AKs are palpable, and type III AKs are hypertrophic and/or hyperplastic. An increase in epidermal thickness and dysplasia is seen with increasing severity of AK. Similarly, hyperkeratosis and diskeratosis increases; type II and III AKs may have a thick, scaly horny layer that masks the epidermis.
The majority of AKs undergo spontaneous remission; however, between 0.1 and 10 % will progress to SCC (3-6). Given the high incidence rate and relatively low progression rate, biopsy and surgical excision are reserved mainly for lesions suspected as being a SCC. Several alternative treatment options have been developed; two with good patient acceptance and relatively low cost are topical 5-fluorouracil cream and destruction of individual lesions with liquid nitrogen cryotherapy.
A novel approach to management of precancerous lesions such as AK is chemoprevention. Chemoprevention aims to prevent or delay the occurrence of cancer in high-risk populations, through dietary or chemical interventions (7, 8) . At the University of Arizona Cancer Center, substances under investigation for topical application include epigallocatechin gallate (EGCG), an extract of green tea, perillyl alcohol, an analog of limonene from citrus peel, and difluoromethylornithine (DFMO), and irreversible inhibitor of ornithine decarboxylase. The long-term goal of the research is to incorporate chemopreventive agents into sunscreens, which when used regularly would not only block UV exposure, but stop progression of initiated cells. A persistent challenge remains how to measure the severity of sun damage and quantify the effectiveness of investigational agents. Simple lesion counting is rapid and non-invasive, but does not provide information on the severity of the AK and sun-damage. A more complete dermatologic report can be made of the lesions, but visual inspection can be subjective and inter-and intra-observer correlation may be low. Given the low precision of current grading criteria, sensitivity is inherently low and subtle changes in lesions are likely to be unreported.
Biomarkers of response to chemopreventive agents such as measurements of polyamine suppression, p53 protein expression levels (9), and karyometric analysis of nuclear chromatin images (10) are all quantitative and have been shown to be strongly correlated with AK severity. Unfortunately, these techniques require skin biopsy, which renders them impractical for frequent and widespread use. The extensive sample preparation required to calculate these markers also means that results are unavailable at the time of patient visit. Ideally, a non-invasive, real-time, low-cost method of skin assessment would be available for clinical assessment and as a research tool for evaluation of experimental therapies. Such a method should provide quantitative information and be sensitive to early changes in skin undergoing carcinogenic transformation.
Currently Available Skin Imaging Techniques
Several types of imaging systems have been used for noninvasive visualization of the skin and classification of skin lesions. A simple system is the dermatoscope, where an index-matching compound is applied and the skin is visualized under a low power objective. In the hands of a skilled practitioner, this method can be used to better distinguish benign from malignant skin lesions (11). However, this method is not depth-resolved. It is also probably of limited use in AK, because of the masking effect of hyperkeratosis and lack of significant pigment in most lesions. In an experimental mode, reflections from skin illuminated with polarized light can be manipulated to create an image of superficially backscattered light (12) . Two examples of AKs suggest this modality may better define the texture and structure changes in the skin than conventional photographs. While this technique preferentially detects photons from the top approximately 400 µm of skin, it is still a projection image rather than depth-resolved.
Confocal laser scanning microscopy (CM) can be used for depth-resolved, cellular level resolution of the skin (13), but it is limited in depth penetration to at most 300-400 µm. Another drawback of CM is the en face orientation of the images, which can make accurate measurements of layer thicknesses more difficult than in cross sectional images. CM with a 0.5-1.0 µm lateral and 2-5 µm axial resolution, and a field of view of 250 µm, has been applied to imaging of AK (14). Seven patients were imaged; four were biopsied for comparison. Because of the subcellular resolution of CM, features such as nuclear enlargement and pleomorphism could be visualized. However, even in slightly hyperkeratotic lesions the penetration depth was insufficient to visualize epidermal-dermal junction in half the lesions. One lesion was histologically found to actually be an invasive SCC. CM was unable to image deep enough to detect this invasion, although SCC was suggested indirectly since cytologic atypia occupied the full thickness of the visualized epidermis.
High frequency ultrasound (HFUS) and high-resolution magnetic resonance imaging have recently been investigated for imaging of healthy skin and malignant melanoma. Images in MHz ultrasound images of healthy skin, with approximately 50 µm resolution, down to the muscle layer (15). Melanomas up to 1.8 mm in depth were also visualized. In Liffers et al., very high frequency ultrasound (100 Mhz) was used to achieve 9 µm axial by 27 µm lateral resolution (16). High resolution in ultrasound comes at the expense of depth of penetration, which was decreased to 2-3 mm. Normal skin layers including subdermal fat were seen, as were boundaries of a melanoma in the subcutaneous fat. HFUS images were compared to magnetic resonance images, obtained with a 1.5 T magnet and 7.5 mm radius circular loop receiving coil. These images had in plane resolution of 80 × 40 µm, but with 800 µm out of plane resolution. Higher depth of penetration and greater contrast of blood vessels and sweat ducts to surrounding skin were possible with magnetic resonance imaging compared to ultrasound, but resolution was lower.
Optical Coherence Tomography
OCT is a non-invasive imaging tool that may be ideally suited for assessment of AK. OCT uses backscattered nearinfrared light to create cross sectional images of tissue (17). OCT is analogous to ultrasound, except that the signal is generated by light backscattered from index of refraction mismatches instead of sound reflected from acoustic index mismatches. OCT has greater resolution than ultrasoundtypically 5-15 µm. However, OCT has a relatively limited penetration depth of up to 2 mm in skin. Because the speed of light is too rapid for direct measurement of pulse transit time, an interferometric setup is used. Light from a broadband source is split into sample and reference arms. When the optical pathlengths of light reflected from tissue in the sample arm and a mirror in the reference arm are matched to within a coherence length of the source, interference occurs. Broadband sources such as superluminescent diodes or femtosecond lasers have short coherence lengths and thus are good candidates for use in OCT. An AC coupled photovoltaic detector detects interference fringe intensity, then analog or digital processing is employed to obtain the envelope of the interferometric signal. A measure of reflectivity vs. depth (a-scan) is obtained by axial translation of the reference arm mirror. For a two dimensional image, sequential a-scans are recorded while sweeping the sample arm beam across the tissue.
OCT lacks subcellular resolution and therefore cannot directly detect atypical cells. However, OCT's combination of moderate resolution and imaging depth makes it well suited for measuring cutaneous tissue structure. Also, since the backscattering properties of tissues are dependent upon the number and size of scattering centers, OCT image characteristics such as intensity and depth of penetration may carry information about subcellular anatomy. Human skin has been investigated with , and also with a related technique that acquires en face images, optical coherence microscopy (22). In normal skin, all authors have noted that OCT can image to a depth of 0.5-2.0 mm, depending on the wavelength of light used and the location imaged on the body. Systems based on 1300 nm have significantly increased penetration depth compared to those at 850 nm, as one study utilizing a dual-wavelength OCT system has shown (19) . Normal skin has defined boundaries between the stratum corneum and epidermis, and the epidermis and dermis. The stratum corneum appears as a fairly uniform, relatively low intensity layer. The epidermis is hyperintense and may show papillary ridges. The dermis appears less highly backscattering. Features visible in the dermis have been attributed to hair follicles, sebaceous glands, structural proteins, and blood vessels.
Two studies have been performed that examined a wide variety of skin pathologies (20, 21) . Example images of basal cell and cystic basal cell carcinoma, and malignant melanoma are provided in Welzel et al. (21) . Characteristic of solid tumors, the OCT appearance was more homogenous than surrounding normal tissue. Cysts appeared as well defined hypointense regions, and the epidermal-dermal boundary was lost in the case of invasion. The authors stated that OCT appeared to be useful for identifying types and lateral boarders of some masses, but without cellular resolution it was unable to differentiate benign from malignant tumors. In both studies, hyperkeratosis and parakeratosis were apparent in example images of patients with psoriasis. The stratum corneum appeared thickened, with alternating hypointense regions and bright parallel lines. To the authors' knowledge, no published studies exist regarding OCT imaging of sun-damaged skin or actinic keratosis, nor has skin pathology been examined with OCT in a systematic and quantitative manner. In this study, we propose to examine the statistical significance of differences in quantitative OCT image measures and features, between images of upper inner arm, sun-damaged skin, and actinic keratoses. If differences are found, OCT could potentially be used as method of assessing AK severity and treatment efficacy.
Materials and Methods

Patient Selection
Twenty participants were recruited for a pilot study under a protocol approved by the University of Arizona Institutional Review Board. There were 15 male and 5 female participants, who ranged in age from 39 to 80 years (median age 60). All participants were white, with one Hispanic, sixteen non-Hispanic, and 3 not identified. A routine dermatological assessment was made of the forearms. A region of sun-damaged, but otherwise normal skin, and one or two AKs were identified and photographed. Early AKs of type II (palpable) were selected that had a skintone to slightly tan or pink coloration, and felt rough to the touch. Sizes of the AKs ranged from approximately 3 mm in diameter to confluent (i.e. multiple lesions coalesced into one forearm area). In some of the AKs, loose white skin flakes (stratum corneum) were visible. These loose flakes were avoided when taking images. Images were also taken of a region of the upper inner arm that sustained minimal sun exposure.
Optical coherence tomography system
The overall OCT system design was similar to a one described previously (23). A block diagram of this system is shown in Figure 1 . The system utilized an amplified fiber source (BBS1310, JDS Uniphase, Ontario, Canada) with center wavelength λ = 1310 nm, full-width half-maximum spectral bandwidth 50 nm, and output power of 11.5 mW. Axial scanning was achieved with a Fourier domain optical delay line operating at 200 a-scans per second. The axial resolution of the system, determined by the bandwidth and center wavelength of the source, was theoretically calculated to be 16 µm and measured to be approximately 17 µm in air. This measurement corresponds to an axial resolution of 12 µm in tissue assuming an average tissue refractive index of 1.4.
The sample arm optics and scanning mechanism were contained in a hand held probe. The probe was built using modified stock cage plate components. The sample arm fiber was mounted on a piezoelectric S-bender (L220-A4-503YS, Piezo Systems Inc., Cambridge, Massachusetts), which scanned the tip across the back of a collimating lens. A second lens focused the light into the skin. Use of an S-bender, which maintained the optical axis perpendicular to the planes of the lenses throughout the deflection range, assured minimal aberrations and curvature of the focal plane. A drawback of this device is a restricted lateral range of 1.25 mm. The optical system had a magnification of one, so the lateral spot size (and thus by definition the lateral resolution) was approximately equal to the 9 µm core diameter of the fiber. A thin glass plate at the end of the probe was placed into contact with the skin; the plate was mounted at a small angle to minimize backreflection. Two participants were also imaged using tabletop sample arm optics, which enabled a larger lateral scan range and thus an investigation of heterogeneity in normal and abnormal skin. This spot size in this setup was 12 µm and scans up to 5 mm in lateral extent were possible.
The optical signal was detected with a solid state InGaAs detector with integrated amplifier and bandpass filters. A log-arithmic amplifier performed demodulation and amplification of the signal, which was sampled by a data acquisition board. The board also generated synchronized control waveforms to the delay line galvanometer and probe S-bender or tabletop translation stage. The sampled signal was processed and displayed as an image on the computer monitor. Imaging speed depended on the number of a-scans obtained; an image consisting of 200 a-scans required 1 second to acquire.
Imaging Parameters and Protocol
In preparation for imaging, hair at each sun-damaged and AK site was trimmed with scissors and a drop or two of glycerine was applied to the skin. There was minimal hair at the upper inner arm so no trimming was required at this location. Glycerine is a common ingredient in skin lotions, and has been shown to improve the quality of OCT images (21, 24). The probe was placed in light contact with the skin. Three images at each site were obtained; the images were approximately parallel and 0.5 mm apart. Each image was 1.25 mm (lateral) × 1.4 mm (axial) in size, and consisted of 200 × 400 pixels. These images were used for statistical analysis of image parameters. The two participants who were imaged more extensively had images 5 mm × 1.4 mm in size, consisting of 500 × 400 pixels, taken at various sun-damaged, AK, and upper inner arm locations.
Image Processing
Images were thresholded at a constant grayscale intensity level, and pixels darker than the threshold set to black. After this procedure no images extended to the full depth range, and comparisons of layer thickness measures were possible. Each image was manually segmented into two layers of interest by a trained investigator: the stratum corneum (specular reflections at glass-stratum corneum boundary were excluded) and the combined epidermis/dermis. The deep boundary of the latter region was defined as the location where the signal was attenuated to the threshold value. The mean and standard deviation of the grayscale intensity in each region were calculated using the public domain software NIH Image (25). In addition, at six equally spaced locations across the image, the thickness (axial extent) of each layer was measured. It should be noted that the epidermis/dermis thickness measurement is influenced by both the anatomical thickness of the epidermis, and how rapidly the light is attenuated to threshold value in the epidermis and dermis. In the stratum corneum, the thickness of a low backscattering band, if present, was also measured.
Statistical Analysis
Descriptive statistics for the depth and signal intensity of the stratum corneum and epidermal/dermal layers included means and standard deviations, and were calculated using Stata Statistical Software 7.0 (26). Comparisons of the depth and signal intensity of each layer were undertaken using a mixed models framework, estimated using SAS 8.1 (27). These models account for statistical non-independence of repeated measures within individuals. The tissue type (upper inner arm, sun-damaged skin, or AK) was considered a fixed effect, while all other effects (subject and repeated sampling of multiple sites or images) were treated as random. Multiple images were nested within each sampling site, which were in turn nested within subject. Repeated measures within subject were modeled using a compound symmetric correlation structure. Statistical comparisons were made by assessing the differences in least square means across tissue type. Logistic regression and ROC analysis, conducted in Stata 7.0, were used to assess the sensitivity, specificity, predictive values and classification rates for depth, signal intensity, and presence of a characteristic dark band in distinguishing between sun-damaged skin and AK.
Results and Discussion
Image Characteristics
One hundred and fifty-eight images were taken with the imaging probe and used in statistical analysis. This total includes 60 images each of the upper inner arm and sun-damaged skin of the forearm (3 images at the same location in 20 participants), and 98 images of AKs at 34 sites in 19 participants (one subject had no AKs). The two participants examined with the tabletop sample arm were imaged 12-15 times. This total includes 3 upper inner arm, 3 sun-damaged, and 3 AK images from 2-3 different lesions (including the same lesions imaged for statistical analysis). The greater lateral extent of these images allowed visualization of the heterogeneity of normal skin and lesions, as well as transitions from normal to AK. The characteristics noticed in these images were in general representative of the trends of the entire 158 image data set used for statistical analysis. Therefore, qualitative characteristics of upper inner arm, sun-damaged, and AK images will first be described with these tabletop images as examples, then quantitative measures and statistical of all images taken with the imaging probe are presented.
Figures 2 and 3 are example images of upper inner arm; 4a and 5a are of sun-damaged skin on the lateral forearms, 6a is taken at the edge of a reddish AK, 7a is a palpably rough AK, and 8a is a visually rough AK on the lateral forearms. All images were taken with the tabletop sample arm optics, and are 5mm wide and 1.4-1.7 mm deep. Figures 2, 4a , and 8a were obtained from a 73 year old female; the remainder were from a 75 year old male. Figures 4b-8b are photographs of the skin shown in the corresponding OCT image. No photographs were taken of the upper inner arm since there were no abnormalities present.
Differences in the structure, intensity, and penetration depth of each image can be noted. Images of the upper inner arm (Figures 2 and 3) show layers of stratum corneum, epidermis, dermis, and subcutaneous fat. They appear similar to previously-published human skin images. The stratum corneum is a relatively low backscattering, homogeneous region. The upper and lower boundaries of this layer appear relatively smooth, flat and parallel, and the thickness varies from an average of 40 µm in the female patient to 80 µm in the male patient. The epidermis is relatively intense and again appears homogeneous, with a fairly smooth, flat, and indistinct boundary with the dermis. In this image, the papillary ridges are not pronounced; the average thickness in both images is 90 µm. In the dermis a loose texture is seen, possibly due to the presence of structural protein bundles. Large numbers of blood vessels (linear dark structures) are also seen in the dermis. The thickness of the dermis ranges from 800-1000 µm. The deepest, very weakly backscattering layer is the subcutaneous fat. Previously published images (18-22) of human adult skin do not show this layer, as OCT penetration depth is normally limited to the dermis. However, in these older participants at this anatomical site, it appears that the dermal thickness is reduced and underlying fat is visible. Leveque et al. showed that skin thickness begins to reduce at 45 years of age (more prominently in females than males) and light penetration is markedly increased at 60 years of age (28). The age of our participants may also explain the absence of obvious papillary ridges, since with our OCT system ridges were clearly seen in images of healthy, young skin.
The sun-damaged skin has a distinctly different appearance, as can be seen in Figures 4a and 5a . The stratum corneum has an uneven surface profile and a greater thickness (average 80 µm in the female and 100 µm in the male patient). The epidermis is very bright and is thickened as well. Thickness is estimated at 100-120 µm although the epidermal-dermal boundary is unclear throughout most of the image. In the dermis, the light is attenuated much more quickly than in upper inner arm images, and the image appears indistinct. Dark horizontal features, attributed to blood vessels are seen near the bottom of Figure 4a . Corresponding photographs of the surface of the skin are shown in Figures 4b and 5b . As can be seen from the photographs, a portion of the skin free from tan or reddish marks was chosen.
Greater attenuation of the light in sun-damaged skin OCT images suggests that there is an increase in the absorption or scattering properties of the tissue. One obvious difference between the upper inner arm and the lateral forearm is the amount of melanin in the skin. Melanin has been shown to be a strong source of contrast in confocal microscopy images (13), due to a high index of refraction (approximately 1.7 compared to a skin average of 1.4). This strong scatterer should increase signal brightness in pigmented cells, but contribute to increased light attenuation. At 1300 nm, absorption even in this dark colored material is probably minimal compared to scattering, but may be a factor in attenuation. Sun-damaged skin is also characterized by accumulation in the superficial dermis of abnormal elastic material. To the authors' knowledge, there are no published studies describing the change in optical properties of skin with sun-damage. However, it may be that the presence of abnormal material increases the scattering in the superficial dermis. Increased scattering may lead to a decrease in signal photons detected from the dermis and an increase in multiply scattered noise photons, contributing to the fuzzy appearance of the deeper tissue.
A large diversity of appearances was seen in images of AK, even within the same lesion. In some cases, the layers of stratum corneum, epidermis, and dermis were still visualized. In others, no recognizable structure remained. Often, there were bright reflections on or near the surface. These reflections varied in thickness from the resolution of the OCT system (12 µm) up to 40-70 µm. They could consist of two or more parallel bright bands. Deep to the bright reflection was usually a dark band, ranging from 20-320 µm in thickness. Shadows could be cast by the material causing the bright reflections and dark bands. By comparing our OCT images with histological examples of early AKs, we have determined that this material is most likely deposits of keratin. Solid keratin is minimally scattering, leading to a dark appearance in OCT images. In normal skin, the keratin layer is thin and barely visible. In AK, faulty keratinization leads to a thick scale. Keratin has a high index of refraction (approximately 1.62), so large reflections can occur at the interface with glycerine (1.47). It is also possible that air was trapped under keratin flakes, causing additional large reflections. The thickness and inhomogeneity of the keratinized layer appears to be responsible for much of the variation in appearance of AK images.
A progression in apparent severity of AKs is shown in Figures 6-8 . Figure 6a contains an OCT image of the edge of an early AK photographed in Figure 6b . This OCT image appears similar to the image of this subject's sun-damaged skin (Figure 5a ), but the stratum corneum is abnormally thickened to 140-180 µm deep. Close inspection also reveals abnormal small bright reflections in the stratum corneum (arrow), perhaps due to very small air pockets. Figure 7a is an OCT image of the palpably rough AK photographed in Figure 7b . The stratum corneum is up to 500 µm thick in the center-left of the image, and thins to a more normal range for sun-damaged skin of 120 µm at the right side of the image. The stratum corneum also appears darker than in normal or sun-damaged skin, probably due to hyperkeratosis. Loose flakes are seen on the surface (arrow), in some cases with thin dark bands underneath, and some shad-owing below. However, in areas not shadowed, the epidermis is clearly seen, and structures (perhaps blood vessels or structural protein bundles) are visible in the dermis. Figure 4a . The stratum corneum and epidermis appear thicker, and the dermis less distinct, than the upper inner arm skin of this subject shown in Figure 3 .
Figure 5b:
Photograph of the region of skin imaged with OCT in Figure  5a . The arrow tip designates the beginning of the scan, which ran parallel to the millimeter ruler from right to left. Note that a region of skin lacking significant tan or reddish coloration was chosen for imaging.
Figure 6a:
OCT image of the periphery of a mild AK. Note stratum corneum thickening and small bright lines seen in this layer (arrow). Other symbols defined in Figure 4a .
Figure 6b:
Photograph of the region of skin imaged with OCT in Figure  5a . The periphery of the small reddish AK was imaged. The arrow tip designates the beginning of the scan, which ran parallel to the millimeter ruler from right to left.
Figure 7a
: OCT image of a palpably rough AK. The surface of the skin is seen to be uneven, with skin flakes (arrow) that caused bright reflections and some shadowing (vertical streaks). The stratum corneum (S) is severely thickened, although the epidermal (E) and dermal (D) layers can still be distinguished. Bar = 500 µm.
Figure 7b:
Photograph of the region of skin imaged with OCT in Figure  7a . The center of the small, reddish AK was imaged. The arrow tip designates the beginning of the scan, which ran parallel to the millimeter ruler from right to left.
Figure 8a:
OCT image of transition from sun-damaged (left) to a visually rough AK (right). The AK has an uneven surface, bright reflections and shadowing from skin flakes, and dark bands in the stratum corneum (arrows). Bar = 500 µm.
Figure 8b:
Photograph of the region of skin imaged with OCT in Figure 8a . The arrow tip designates the beginning of the scan, which ran parallel to the millimeter ruler from right to left from sun-damaged skin into a visually rough AK.
The lines may be due to relatively small deposits of keratin. The right side of the image shows very abnormal structure. The surface is rough and covered in loose flakes. Multiple strong surface and slightly subsurface reflections are seen. Very dark bands (arrow) are seen beneath these bright reflections, and extensive shadowing occurs. Table I shows descriptive statistics based on 20 participants for the thickness and signal intensity for stratum corneum and epidermis in the three locations imaged: upper inner arm, lateral forearm sun-damaged skin, and AK. The thickness of the stratum corneum increased monotonically from upper inner arm to sun-damaged skin to AK. Epidermal/ dermal thickness decreased from upper inner arm to sundamaged skin, but increased again in AK. Despite the increase, AK epidermal/dermal thickness was still less than seen in upper inner arm. A similar non-monotonic pattern was observed with signal intensity, with sun-damaged forearm showing lower grayscale (higher intensity -as defined in NIH Image 0 = white and 255 = black) than upper inner arm skin. However, in both layers of skin, AK showed higher grayscale (lower intensity) than both upper inner arm and sun-damaged skin.
Statistical Results and Interpretation
The increase in stratum corneum thickness in sun-damaged skin is consistent with work by Corcuff, who saw a 25% increase in stratum corneum thickness with sunexposure using in vivo CM (29). As is obvious from Figure 7a , and seen in a CM study (14), stratum corneum thickness can be quite large in AKs. As exemplified in Figures 4a  and 5a , the epidermal thickness in sun-damaged skin can actually be greater than normal skin. However, the attenuation in sun-damaged skin is relatively high, so the grayscale threshold is quickly reached in the dermis and a low overall measure of epidermal/dermal thickness is achieved. It is unclear why there is an increase in epidermal/dermal thickness in AK, but the greater thickness appears to reflect a decrease in attenuation rather than an increase in epidermal thickness.
A general decrease in stratum corneum intensity and presence of dark bands in AK is seen in Figures 7a and 8a , consistent with overall intensity statistics. This decrease may be due to accumulation of packed keratin, which provides little reflected signal. The greatest intensity for both stratum corneum and epidermis/dermis was seen in sun-damaged skin. As previously mentioned, the melanin in sun-damaged skin may be responsible for high epidermal intensity. Further work is necessary to understand the reasons for an increase in stratum corneum brightness in sun-damaged skin.
Significance of Statistical Measures
In order to assess the statistical significance of these differences, a mixed modeling approach was used. Repeated measurements were taken on each subject. Unless such repeated measures are accounted for, variance estimates would be biased toward zero, resulting in p-values that appear to be lower than they actually are. The mixed model approach adopted here allowed appropriate estimation of variances and covariances accounting for the within-subject correlation seen in repeated measures. Statistical significance of the differences in least square means are shown in Table II . Nearly all differences were statistically significant. Exceptions, where the differences between tissue type were not significant, included: thickness of upper inner arm vs. sun-damaged skin in the stratum corneum; signal intensity in upper inner arm vs. AK in the stratum corneum; and signal intensity in upper inner arm vs. sun-damaged skin in the epidermis/dermis (although in this final instance, p=0.0570 may be considered as marginally significant).
Having established that most differences are statistically significant when considering all participants as a group, it was next useful to determine whether one could distinguish between patches of sun-damaged skin vs. AK lesion on the basis of thickness and/or signal intensity. Logistic regression models were first constructed for each tissue layer separately, in turn considering as predictors tissue depth and intensity. An additional logistic regression model was developed to test the predictive ability of a characteristic dark band that was observed only in AK images. Sun-damaged skin observations were coded as 0 and AK observations were coded as 1. Table  III presents prognostic characteristics for each approach.
Despite the diversity of appearance in AK images, measures of thickness and intensity in both the stratum corneum and the epidermis/dermis were moderately capable of detecting AK successfully. Sensitivities ranged from 77-84%, however, specificity was usually relatively poor, especially for intensity in the stratum corneum and thickness in the epidermis/dermis (specificity < 50%). As a result, correct classification often hovered around 70%. Thickness in the stratum corneum had the highest correct classification rate among the first four models, with 81.5% of all scanned areas being correctly classified. The presence of a dark band in the stratum corneum had a sensitivity in the range of the other four models, but superb specificity (100%). In other words, while approximately 80% of AK showed a dark band, no sun-damaged skin regions ever showed a dark band. The rate of correct classification overall was nearly 90%.
Limitations of the Study
The presented results are promising, despite there being some limitations of this study. The first limitation is that there were no biopsies taken for this pilot study. Dermatologists provided the gold standard clinical criteria for defining AK vs. sundamaged skin. However, the dermatologists did not circle or otherwise definitively demarcate the boundaries of the AK. Therefore, it is difficult to assign an anatomical source to features seen in OCT images. and we do not have proof that images identified as "sun-damaged" and "AK" were correctly designated. If some scans thought to be of AK were actually of adjacent sun-damaged skin, then the sensitivity of using the presence of a dark band as diagnostic of AK might be even higher. A future study will include biopsy of locations imaged with OCT, and measurement/scoring of OCT and histology images by blinded observers.
Second, a fundamental limitation is that there is no truly satisfactory control group. The skin of the upper inner arm, while reasonably sun-protected, has a different anatomy then the sun-damaged lateral forearm. Therefore, it is difficult to know how much of the difference between these two types of images is due to actual sun-damage, and how much simply reflects the different structure of the skin at these two locations. Third, we are comparing a relatively large age range of people of both sexes, which has been shown to be a factor in skin anatomy and optical properties (28). This latter limitation may account for some of the considerable group overlap in measured OCT image parameters.
Limitations of OCT and Plans to Improve Imaging
While OCT image measures could be used to classify AK and non-AK regions with a high degree of accuracy, we have not yet determined whether AK severity can be reliably quantified. The most prognostic measures, thickness of the stratum corneum and presence of a black band, are assessments of a product of the altered epidermal cells -hyperkeratosis -rather than of the dysplasia of the epidermis itself. Although this secondary measure may be useful, planned improvements for future studies should allow direct imaging of primary changes in the epidermis. These studies will also determine OCT's ability to detect the difference between hypertrophic AK and early SCC, defined by invasion of anaplastic keratinocytes below the basement membrane of the dermal/epidermal junction.
First, changes to the OCT system will be made to enhance performance. Video rate OCT systems have been demonstrated and we are increasing our instrument's acquisition speed. Real-time imaging should make scanning of focal areas of interest, if not the entire forearm, practical. OCT axial resolution is inversely proportional to the bandwidth of the light source. Previously, very large bandwidth sources were limited to sensitive tabletop units unsuitable for clinical use. Recent developments in optical technologies such as superluminescent diodes and nonlinear fiber sources promises much improved axial resolution in a portable package. Lateral resolution depends upon the focusing optics in the sample arm. Decreased spotsize leads to improved lateral resolution but decreased depth of focus. Dynamic focusing can remedy this limitation, but often at the expense of imaging speed. Subcellular imaging of Xenopus has been reported with an ultrahigh resolution OCT system (30). While this species' transparent nature and large cells are unlike the highly scattering human skin, in the future it may be feasible to image subcellular features in superficial layers of skin.
Another area of improvement is in preparation of the subject's skin. While OCT has a greater depth of penetration than CM, both are affected by severe hyperkeratosis. Air trapped between scales caused a very bright OCT signal and attenuation of deeper structures, a phenomenon also noticed during CM imaging of AK (14). In this study, we observed that scale became less visible 10-20 minutes after application of glycerine, perhaps because of diffusion of glycerine into the scale and displacement of air. In future studies, we will incorporate earlier application of this agent, and investigate the ability of substances other than glycerine to provide index matching. It may also be that gentle debridement of surface scale improves image quality. However, since these scaly lesions are obvious to the eye, for chemopreventive trials OCT may show more utility quantifying subtle changes that occur at the edges of early type II AKs (e.g., as shown in Figure 6 ), or in detecting preclinical AKs. In early lesions, shadowing effects are not apparent.
Finally, improved analysis of OCT images is also possible. It may be that parameters other than intensity and layer thickness are better used to differentiate upper inner arm, sun-damaged skin, and AK, and that such parameters may give clues about the severity of AKs. We have shown that texture analysis of OCT images can be used to differentiate tissue types, even when no features are visible in the image (31). This is because the speckle in OCT images encodes information about the scattering centers (such as nuclei, mitochondria, and structural protein bundles) in the tissue (32). It may be advantageous to combine OCT with other imaging modalities. For instance, OCT could be used for high resolution, superficial imaging while HFUS imaged deeper structures (33, 34) .
We have shown that OCT is capable of acquiring non-invasive images of AK, which have different characteristics and appearance than images of upper inner arm or sun-damaged skin. The next step is to incorporate technology, skin preparation, and analysis improvements into a future study to determine if OCT parameters relate in a quantitative fashion to biopsy-confirmed AK severity scores. If so, OCT may be a new research tool for assessing response to chemopreventive agents.
